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e±

Just Definition

KL→π±e∓νe+e-

e±

e∓
Smallest 
invarinat mass

e±
e∓ from pair}

e± from Ke3
(e±Ke3)

(e±pair)



Assumptions

Data ‘97 winter; NZF003-038
Trigger Trigger 4 (Four track TRG)
KTeVMC version 6.00
KTeVANA version 6.00
Ke3ee gnerator ChPT[NLO(p4)]
Radiative correction PHOTOS v.2.13 (binomial)
Normalization mode KL→π+π-π0D



Backgrounds
KL→π+π - π0D (π0→e+e-γ)

One π± fakes e±

KL→π±e+ν π0D (π0→e+e-γ)

KL→π±e+ν γ (γ→e+e-: external conversion)

KL→π+π - π04e (π0→e+e-e+e-)

Important 
π-e rejection !

double Ke3 Ξ→Λ(→Pπ-)π0D



Modified parts of MC

Weighted for lost pion in TRD 
       by pion-hadron interactions 

e+e- conversion of photon
 in detector                         × 10

π-e fake rate          × 1.5

Tuned Ek distribution by π+π-π0D data



Modified points on MC

Weighted for lost pion in TRD 
       by pion-hadron interactions 

! lost by hadronic interaction in TRD

  2.513    /     7
P1  0.1400E-02  0.2101E-02
P2  0.6330E-01  0.4147E-02
P3 -0.3216E-01  0.5220E-02
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1-(A e-BPπ - C)×LTRD/LTRD0

1-δπ-hadron=

LTRD   :Path length in TRD
LTRD0 :Length of TRD



Modified points on MC

Weighted for lost pion in TRD 
       by pion-hadron interactions 

e+e- conversion of photon
 in detector                         × 10

π-e fake rate          × 1.5

Tuned Ek distribution by π+π-π0D data



Modified points on MC
Tuned Ek distribution by π+π-π0D data
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Modified points on MC

Weighted for lost pion in TRD 
       by pion-hadron interactions 

e+e- conversion of photon
 in detector                         × 10

π-e fake rate          × 1.5

Tuned Ek distribution by π+π-π0D data



Modified points on MC
e+e- conversion of photon
 in detector                         × 10

To save the generation time conversion probability × 10

The number of generated events

for 

# conversion # conversion
# generated

(default MC)

=

KL→π±e+ν γ,  KL→π+π-(π0→γγ)



Modified points on MC

Weighted for lost pion in TRD 
       by pion-hadron interactions 

e+e- conversion of photon
 in detector                         × 10

π-e fake rate          × 1.5

Tuned Ek distribution by π+π-π0D data



Modified points on MC

π-e fake rate          × 1.5

Mππee for events
w/ E/p(π) >0.9

Data-MC discrepancy is 1.5



Cuts for signal 

vertex χ2 <125
Ek max < 200 GeV
95 < Z-vertex < 150 m
Track energy

Eπ > 10 GeV
Eeke3 > 10 GeV
Eepair > 3 GeV

0.93 < E/p e± < 1.15
　　 E/p π± < 0.9

TRD probπ for e± < 0.06

Fiducial Particle ID

Mee > 0.005 GeV/c2

Mπeee < 0.5 GeV/c2

Invariant mass

pp0kin < -0.002 GeV2/c2

Pν||*2 Pν||*2 > 0 GeV/c2

Kinematical

Additional
No cross tracks in the x view

   of  TRD



Fiducial cuts: Ek, Z-vtx

Ek < 200 GeV      95 < Z-vtx < 150 m 

Slope=(3.2±2.6)10-4 Slope=(0.6±4.9)10-4



Particle energies in Lab: Eπ, Ee

Eπ > 10 GeV      Eeke3 > 10 GeV Eepair > 3 GeV
Slope=(2.4±4.2)10-4 Slope=(-6.8±5.4)10-4 Slope=(-0.3±1.1)10-3



Invariant Mass; Mπeee, Meee 

Mπeee < 0.5 GeV/c2 Meee; no cut

Slope=(-0.3±1.6)10-1 Slope=(-1.3±1.3)10-1



Invariant Mass; Me+e- 

- Me+e- > -0.005 GeV/c2

- This is cut-off value of 
  our BR(ke3ee) 
-Only this spectrum
  has a significant slope 14 J. Gasser, B. Kubis, N. Paver, and M. Verbeni: Radiative Ke3 decays revisited

7 Structure-dependent terms in differential
rates

7.1 E∗
γ distribution: theory

Of the various differential rates one may consider, the dis-
tribution dΓ/dE∗

γ stands out for the purpose of extract-
ing information on structure-dependent terms, as E∗

γ is
the very variable to distinguish bremsstrahlung and the
structure-dependent part of the amplitude. In our investi-
gation, we shall neglect the terms coming from the square
of the structure-dependent amplitude T SD. Furthermore,
we make use of the observation made in the previous sec-
tion that in the one-loop approximation, these structure
functions are constant to rather high accuracy: we replace
them in the expression (B.1) for the square of the matrix
element by the averages 〈Vi〉, 〈Ai〉. We then obtain the
following decomposition of the photon spectrum:

dΓ

dE∗
γ

=
dΓIB

dE∗
γ

+
4∑

i=1

(
〈Vi〉

dΓVi

dE∗
γ

+ 〈Ai〉
dΓAi

dE∗
γ

)

+ O
(
|T SD|2, ∆Vi, ∆Ai

)
.

(7.1)

The quantity dΓVi/dE∗
γ denotes the part of the spectrum

which is proportional to 〈Vi〉, and analogously for
dΓAi/dE∗

γ. [Remember that we define 〈Vi〉, 〈Ai〉 to be di-
mensionless.] The quantities ∆Vi, ∆Ai stand for the errors
introduced by this approximation.

In the following, we shall neglect the effect of V4 and
A4.8 The objective is to study the distributions dΓVi/dE∗

γ,
dΓAi/dE∗

γ in order to quantify the possibility to extract
〈Vi〉 and 〈Ai〉 from data. In order to obtain experimental
information independent of the measurement of the total
rate, we follow the strategy of [12] and only discuss spec-
tra with arbitrary normalization. Furthermore, we follow
the procedure in that publication and deviate here from
the “standard cuts”, instead we use θcut

eγ = 5◦. We have
found, though, that such a reduction of the angle cut only
increases the size (and therefore the expected statistics in
an experiment) of the bremsstrahlung and hardly has any
effect on the structure-dependent spectra. The relevant
photon spectra are shown in Fig. 5. Note that the brems-
strahlung distribution is scaled down by a factor of 200
relative to the structure-dependent parts. We observe the
expected fall-off of dΓIB/dE∗

γ ∝ 1/E∗
γ as well as the lin-

ear rise of all structure-dependent spectra for small photon
energies. As phase space bends them down to zero at maxi-
mum photon energy, all structure-dependent distributions
show a maximum (a maximum and a minimum in the case
of A2), which for V1, V2 occurs around E∗

γ = 80 MeV, for
A1 slightly higher, around E∗

γ = 100 MeV. Although the
A2 spectrum has a form distinct from all others, its mag-
nitude is far too small to be observable. In view of the

8 We have verified that the distributions for V4 and A4 are
indeed considerably smaller than the ones discussed here, in
addition to the fact that both 〈V4〉 and 〈A4〉 vanish at leading
chiral order. This holds for all differential rates discussed here
and in Sect. 7.4.
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Fig. 5. Photon energy distributions from inner bremsstrahlung
as well as the various structure-dependent terms. The notation
dΓX/dE∗

γ for the various X refers to (7.1). The normalization
factors are NVi, Ai = 200 NIB = 103MK/Γ (Ke3). We only cut
on the electron-photon angle, θcut

eγ = 5◦ [12].

chiral O(p4) prediction A1 = 0, this means that no effects
of the chiral anomaly are likely to be extracted from the
photon energy spectrum.

The remaining three structure-dependent spectra are
remarkably similar in shape, if not in height. If we assume
that the experimental accuracy is not sufficient to observe
the slightly shifted positions of the maxima in the three
spectra, we have approximately

f(E∗
γ) .=

dΓV1

dE∗
γ

≈ 2.6× dΓV2

dE∗
γ

≈ 2.4× dΓA1

dE∗
γ

, (7.2)

where we have taken the height of the peaks as the mea-
sure for the proportionality factors, irrespective of the ex-
act energy where they occur. [In case that more accurate
data is available, it would be straightforward to incorpo-
rate a more refined representation of the photon spectrum
than the one proposed here.]

Equation (7.2) is the main result of our investigation
of the photon spectrum:

1. To good approximation, the photon energy spectrum
originating from the bremsstrahlung amplitude is dis-
torted by one single function f(E∗

γ). The information
on the SD terms is contained in the effective strength
〈X〉 that multiplies f(E∗

γ),

dΓ

dE∗
γ

≈ dΓIB

dE∗
γ

+ 〈X〉 f(E∗
γ) ,

〈X〉 = 〈V1〉 + 0.4 〈V2〉 + 0.4 〈A1〉 .

(7.3)

2. The three amplitudes V1, V2, A1 differ mainly in terms
of the weight with which they contribute to 〈X〉 . The

An example of 
terms of Eγ* of 
Ke3γ 
  by Gasser et al.× 200

IB

Slope=1.5±0.5



Rejection of K→π+π-π0

86.6% K→π+π-π0D is 
rejected

57.3% K→π+π-π04e is 
rejected

15.6% Ke3ee is 
rejected

pp0kine



BG KL→π+π -(π0→e+e-γ) Pν||*2
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1.66%



BG KL→π±e∓ν(π0→e+e-γ) Pν||*2
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: MC Total
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 = 268.74 / 19466

1.38%



BG KL→π+π -(π0→e+e-e+e-) Pν||*2
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 = 191.68 / 19466

0.98%



BG Ke3(γ→ e+e- :external) Pν||*2
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0.71%
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Low BG sub-sample by Pν||*2
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:Data
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: MC Total

Accepted as the low BG sample Decay mode Full Low BG

Signal(inc.BG) 19466.00 14081.00

+-0 Dalitz 322.60 31.23

Ke4 Dalitz 268.74 92.51

+-0 eeee 191.68 2.76

RadKe3(conv) 138.34 88.75

Dauble Ke3 41.37 30.47

Cascade 1.79 0.29

BG/Signal 4.95% 1.75%
Estimated # of

3.041±0.025 3.019±0.029
Ke3ee × 10-6

Consistent with stat. error !

Result cross check



Normalization mode

KL→π+π -(π0→e+e-γ)

- Main 
    π+π -e+e-    ignoring γ

- Cross check
    π+π -e+e- γ full reconstruction



BG for norm. mode

KL→π+π -(π0→γγ)

Double Ke3 and Cascade are negligible.

→e+e-



Cuts for normalization mode 

Only different point from signal analysis

pp0kin < -0.002 GeV2/c2 pp0kin > -0.002 GeV2/c2

missing particle = neutrino missing particle = photon

Eeke3 Eπ(another)

Additional cuts for only full reconstruction analysis

0.492 < Mππeeγ < 0.508 GeV/c2

0.127 < Meeγ < 0.143 GeV/c2



Fiducial cuts: Ek, Z-vtx

Ek < 200 GeV      95 < Z-vtx < 150 m 

Slope=(-9.5±6.7)10-5 Slope=(-0.6±1.3)10-4



Particle energies in Lab: Eπ, Ee

Eπ > 10 GeV      Ee > 3 GeV

Slope=(-1.7±1.6)10-4 Slope=(-3.0±3.3)10-4



Invariant Mass; Mππee 

Mππee < 0.5 GeV/c2

Negligiblly small effect 

Not KL→π+π-e+e-, 
because it is suppressed by
pp0kine

}

Slope=(-4.8±8.0)10-2



Invariant Mass; Mee 

Mee > 0.005 GeV/c2
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Invariant Mass; Mee 

Mee > 0.01 GeV/c2

0.127 < Meeγ < 0.143 GeV/c2

Discrepancy due to MC pmzgg

without Meeγ cut

Effect on K-flux is negligible

GeV/c2

Slope=(0.3±1.3)10-1



Kaon flux

K flux : (1.682±0.004)×1011 : too large ?

300526     : signal
6690.64 : +-0γγ background

K flux : (1.599±0.004)×1011 : comparable ?

with out ‘π loss in TRD’ correction

[20 < Ek < 220 GeV,    90 < Z-vtx < 160]



Systematic uncertainties(%) 
Source of uncertainty (%)

Radiative corrections +1.00

Photon det. in norm. +0.83

vertex χ2 ±0.70

π loss in TRD ±0.47

EK distribution - 0.35

Cut-off Mee - 0.18

e± ineff. in E/p ±0.08

Source of uncertainty (%)

e± ineff. in TRD ±0.08

π± ineff. in E/p ±0.03

BG. Ke3γ ±0.07

BG. K+-0 Dalitz ±0.04

MC stat.  Ke3ee ±0.27

MC stat.  BG. ±0.14

MC stat.  Norm. ±0.12

Total +1.59 - 1.00



Assuming linear 
effect of radiation
on the acceptance

Radiative corrections(+1%)

Slope = 0.9±1.8 Slope = (-0.3±1.3)
×10-1 Slope = (-2.4±2.1)

×10-1

Shapes well agree on 
data-MC, but 1.38 scale 
factors are needed.

1+δrad(Ke3ee generator + PHOTOS,v.2.13) = 1.036

1.036

1.046
1.0%
  uncertainty

Eγ*,min

cos(θeγ*),max

 ΔRe(brem)*,min



Photon candidates
collection criteria

Eγ > 3 GeV

ΔRγ-π > 0.3 m

ΔRγ-e > 0.1 m

ΔRγ-brem > 0.02 m

Shape χ2 < 20

Small Ring >4.5

Large Ring <18.5

Early CsI ADC < 420 counts

In-time CsI ADC >200 counts

Time χ2 < 100

Eγ* < 0.18 GeV



Comparison with ππeeγ(full) ana. 

K flux 

Decay mode ππee ana
(ignoring photon)

ππeeγ ana
(Full reconstruction)

+-0Dalitz(inc.BG) 300526.00 263836.00

+-0 π0→γγ 6690.64 4384.60
BG/Signal 2.23% 1.66%
Estimated # of

2.7823±0.0063 2.7593±0.0066
KL→π+π-π0×10-8

6.7 σ(stat.) significant difference between two method

Result cross check

-0.83% uncertainty on K flux



Uncertainty from ignoring 
the photon(+0.83%) ; Mππeeγ, Meeγ

Famous discrepancies



Cuts variations of Mππeeγ, Meeγ

Mππeeγ(min) Mππeeγ(max)

Meeγ(min) Meeγ(max)

+0.4% uncertainty we are allowed to take
 spread area as we can ?

+0.4% uncertainty
from these plots



vertex-χ2

variation of acceptance 
 corrected # of Ke3ee 

variation of BR(ke3ee)

±0.7% 
uncertainty

vertex χ2 is not from 
double Ke3 nor cascade

Cut variation on 
the vertex χ2



π missing by π-hadron 
interaction in TRD

I do not have any idea about the 
error of the GEANT simulation.

At the moment I estimate ±10%
of error of the GEANT simulation. 

This error propagates as an 
±0.47% of uncertainty of the      
BR(Ke3ee)



Ek distribution

The acceptance of Ke3ee varies between 
before and after the Ek tune.

This change corresponds to the -0.35% of 
BR(Ke3ee)



Mee cut-off

Conservatively,
the effect of lack of 
< 0.004 GeV/c2 events in
MC corresponds to 
2% / (GeVc-2) around 
0.005 GeV/c2.
It seems to continue
0.0054 GeV/c2

This corresponds to
-0.18% of BR(ke3ee).



Result

 BR(Ke3ee; Me+e- > 0.005 GeV/c2)=
Preliminary 

×10-5

±0.003(stat.norm.)  
          (systematic)  +0.026
- 0.016
±0.045(external)]

stat.signal 0.75
stat.norm. 0.19

systematic
1.62

1.00

external 2.80

[1.606±0.012(stat.signal)  
(%)


